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Abstract
It is well known that knocking out a gene in an organism often causes no phenotypic effect. One possible explanation is the
existence of duplicate genes; that is, the effect of knocking out a gene is compensated by a duplicate copy. Another
explanation is the existence of alternative pathways. In terms of metabolic products, the relative roles of the two mechanisms
have been extensively studied in yeast but not in any multi-cellular organisms. Here, to address the functional compensation
of metabolic products by duplicate genes, we quantiﬁed 35 metabolic products from 1,976 genes in knockout mutants of
Arabidopsis thaliana by a high-throughput Liquid chromatography-Mass spectrometer (LC-MS) analysis. We found that
knocking out either a singleton gene or a duplicate gene with distant paralogs in the genome tends to induce stronger
metabolic effects than knocking out a duplicate gene with a close paralog in the genome, indicating that only duplicate genes
with close paralogs play a signiﬁcant role in functional compensation for metabolic products in A. thaliana.T oe x t e n dt h e
analysis, we examined metabolic products with either high or low connectivity in a metabolic network. We found that the
compensatory role of duplicate genes is less important when the metabolite has a high connectivity, indicating that functional
compensation by alternative pathways is common in the case of high connectivity. In conclusion, recently duplicated genes
play an important role in the compensation of metabolic products only when the number of alternative pathways is small.
Key words: gene duplication, metabolic network, Arabidopsis thaliana, functional compensation, alternative pathway.
Introduction
Knocking out a gene in an organism often causes little phe-
notypic effect. One possible explanation is the existence of
duplicate genes, where the effect of knocking out a gene is
compensated by a duplicate copy. The role of functional
compensation by duplicate genes has been examined in
diverse organisms by comparing the proportion (PE)o f
singleton genes whose single-gene knockout causes pheno-
typic effects to the PE value for knocking out a duplicate
gene (Wagner 2000; Gu et al. 2003; Conant and Wagner
2004; Liang and Li 2007; Liao and Zhang 2007; Hanada
et al. 2009). If duplicate genes play a signiﬁcant role in func-
tional compensation, the PE for duplicate genes should
be lower than that of singleton genes. This is indeed the
case in yeasts, worms, and plants (Gu et al. 2003; Conant
and Wagner 2004; Hanada et al. 2009); in mice, no signif-
icant difference in PE was found between singletons and
duplicate genes in earlier studies (Liang and Li 2007; Liao
and Zhang 2007) but was found when corrections for func-
tional bias (Makino et al. 2009) and protein connectivity
bias were made (Liang and Li 2009). The studies in mice in-
dicatedthatthefunctionalcompensationbyduplicategenes
is affected by confounding factors. Therefore, it is of interest
tostudytheroleofnetworkstructureinthefunctionalcom-
pensation by duplicate genes because the network structure
of pathways may affect functional compensation.
In the budding yeast, the metabolic network has been
used to study functional compensation by either duplicate
genes or alternative pathways in knockout analysis (Papp
et al. 2004; Blank et al. 2005; Kuepfer et al. 2005; Segre et al.
2005; Deutscher et al. 2006; Harrison et al. 2007; DeLuna
et al. 2008; Wang and Zhang 2009). Both duplicate genes
and alternative pathways contribute to functional com-
pensation in the yeast metabolic network, but the relation-
ship between duplicate genes and alternative pathways is
poorly understood. Furthermore, knockout analysis has
not been used to address functional compensation in
the metabolic network of multi-cellular organisms. Arabi-
dopsis thaliana is an excellent model organism for address-
ing these issues because many knockout mutants have
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ebeen generated and many metabolic networks have been
identiﬁed(Muelleretal.2003;Zhangetal.2005).Inthisstudy,
we focused on 35 metabolites, including 17 primary metab-
olites that are essential amino acids conserved in all organ-
isms and 18 secondary metabolites that are produced
speciﬁcally in Brassicacease,s u c ha sb r o c c o l ia n dc a b b a g e
(Fahey et al. 2001). Because the structures of the metabolic
networksinthe17primaryandthe18secondarymetabolites
tend to show high and low connectivity, respectively (sup-
plementary table S1, Supplementary Material online,
ﬁg.1Aand C), primary metabolites seem to have higher func-
tional compensation through alternative pathways than sec-
ondary metabolites. Therefore, it is of interest to examine the
compensatory role of duplicate genes considering the two
different network structures separately. In this study, we ex-
amined 35 types of metabolic production in the available
knockout mutants of 1,976 genes in A. thaliana by a high-
throughput Liquid chromatography-Mass spectrometer
(LC-MS) analysis and the functional compensation of metab-
olites by either duplicate genes or alternative pathways.
Materials and Methods
Construction of Metabolic Networks in 17 Primary
Metabolites and 18 Secondary Metabolites
Based on Aracyc 5.0 (ftp://ftp.plantcyc.org/), we generated
an Arabidopsis metabolic network of 17 primary metabo-
lites (essential amino acids) (ﬁg. 1A and supplementary
table S1, Supplementary Material online). The reactions be-
tween metabolites occur via enzymes (ﬁg. 1B). Metabolic
pathways synthesized by less than ﬁve enzyme reactions
of the 17 essential amino acids are shown in ﬁgure 1A.
Genes encoding enzymes were annotated by Aracyc 5.0.
Compounds of water, O2, ATP, NADP, NADPH, polyphos-
phates, CO2,H
þ, phosphates, ADP, UDP, Co-A, NAD,
NADH, AMP, and Acetyl-CoA,were excludedfrom thenet-
work because they are used as carriers for transferring elec-
trons in many reactions (Ma and Zeng 2003). We also
generated an Arabidopsis metabolic network of 18 second-
ary metabolites (glucosinolates) (Hirai et al. 2007)( ﬁg. 1C
and supplementary table S1, Supplementary Material
online).
Quantiﬁcation of 35 Metabolic Products
in Knockout Mutants
From the Ds transposon single-copy insertion lines we es-
tablished previously (Kuromori et al. 2006), we used 2,234
knockout mutants in which the Ds transposon was homo-
zygously inserted into the coding regions of 1,976 genes. To
avoid including pseudogenes and erroneously predicted
genes, we focused on the 1,976 genes that were highly ex-
pressed in available microarray data (Schmid et al. 2005;




FIG.1 .Metabolic pathways in 35 metabolites in Arabidopsis. (A) Open circles and dots denote chemical compounds and enzyme reactions,
respectively. The chemical compounds of 17 amino acids (red circles) were quantiﬁed in this study. All metabolic pathways synthesized by less
than ﬁve enzyme reactions from the 17 amino acids are shown in this ﬁgure. All the pathways were collected from the TAIR Aracyc database
(version 5.0). As small molecules, including water, O2, ATP, NADP, NADPH, polyphosphates, CO2,H
þ, phosphates, ADP, UDP, Co-A, NAD, NADH,
AMP, and Acetyl-CoA, are involved in many reactions or are used as carriers for transferring electrons, they were excluded from this map. (B)A s
an example of the structure of a metabolic pathway, two reactions as a minimum metabolic pathway from Gly to Trp are shown. (C)M e t a b o l i c
pathway of 18 secondary metabolites in Arabidopsis. The chemical compounds shown in red were quantiﬁed in this study. Abbreviation of each
metabolite is shown in supplementary table S1, Supplementary Material online. The metabolic pathways are modiﬁed from Hirai et al. (2007).
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378seeds were harvested from an F3 individual plant described
in Kuromori et al. (2006). A total of 200 seeds of each in-
dependent mutant were homogenized using a mixer mill
MM 200 (Retsch) in 80 ll of extraction buffer (40% aceto-
nitrile in H2O with 25 lM hydroxyphenyl-glucosinolate
and 50 lM norleucine as internal standards). The extracts
were diluted with 500 ll of LC–MS grade H2O and centri-
fuged (1,000   g) for 5 min. The supernatants were ﬁltered
through CAPTIVA 0.45 lm ﬁlter (Varian) and subjected
to Ultra Performance Liquid Chromatography (UPLC)
Waters-quadrupole mass spectrometry analysis. Thirty-ﬁve
metabolites were separated on UPLC through a reverse
phase column (50   2.1 mm, HSS T3 1.8 lm; Waters)
and detected using ZQ mass spectrometers (Waters). Mas-
sLynx software version 4.0 (Waters) was used to control all
instruments and calculate peak areas. We did not perform
an analytical replicate because the analytical error of this
analysis using UPLC-quadrupole MS is ,10%. All our mu-
tants were originated from ﬁve parental strains (Kuromori
et al. 2006). To infer knockout effect, the absolute value of
peak area between a mutant and the parental strain (wild
type) was calculated and normalized by the quantile nor-
malization in 35 metabolites using the Bioconductor
(www.bioconductor.org)AffypackageintheRsoftwareen-
vironment (www.r-project.org). The normalized value was
deﬁnedtorepresentknockouteffectinametabolite.In258
genes, two mutant lines independently had an insertion in
the same gene. The mean normalized values for mutants
targeting the same gene were used to represent metabolic
effect (ME) by knocking out the gene. The ME of each gene
in 35 metabolites are shown in supplementary table S2,
Supplementary Material online.
Identiﬁcation of Duplicate Genes and Singletons
The amino acid sequences of A. thaliana (TAIR7) genes
were obtained from TAIR (www.arabidopsis.org). Similarity
searches against all genes were conducted using BlastP
(Altschul et al. 1997). To ﬁnd the closest paralog of a gene,
we aligned the gene and all genes obtained in the Blast
search by ClustalW (Thompson et al. 1994) and estimated
the amino acid similarity between sequences. The gene
with the highest similarity to the gene under study was de-
ﬁned as the closest paralog. A gene was deﬁned as ‘‘dupli-
cated’’ if it showed a ‡30%, ‡50%, ‡70%, or ‡90% similarity
and alignable region at the protein level with the closest
paralog. A singleton protein was deﬁned as a protein that
did not match any other proteins in the Blast search with
theE value‡0.01.Out ofthe1,976genes, 123,379,602,633,
and95genesaresingletonsandduplicategeneswith‡30%,
‡50%, ‡70%, and ‡90% similarity and coverage, respec-
tively. A total of 144 genes are not classiﬁed as singleton
or duplicate genes.
Results and Discussion
Validation of Metabolic Effects in the Present Data
To determine whether the present data captured the met-
abolic production by knocking out genes, we searched for
enzymatic genes related to any production of the 35 me-
tabolites based on the AracyC database (ftp://ftp.plantcyc.
org/). Our data set had 261 enzymatic genes. A total of 15
enzymaticgenesarelinkedtotheproductionofeachofthe
17 primarymetabolites(essential aminoacids)via one-step
enzyme reaction (supplementary table S3, Supplementary
Material online). To examine the production change of
each metabolite by knocking out one of these enzymatic
genes, we compared the ME of each primary metabolite
targeted by 15 genes with the ME of the primary metabo-
lites byknocking outother246enzymaticgenes.TheME by
knocking out 15 genes related to primary metabolites was
signiﬁcantly higher than the ME by knocking out other en-
zymatic genes (P , 0.05 by the Wilcoxon test, supple-
mentary fig. S1A, Supplementary Material online). For 18
secondary metabolites (glucosinolates derived from either
methionine or tryptophan) (Hirai et al. 2007), our data set
had only two known enzymatic genes related to the pro-
duction of the secondary metabolites (ﬁg. 1C). We com-
pared the ME of each secondary metabolite targeted by
the two genes with the ME of secondary metabolites by
knocking out other 261 enzymatic genes and found that
the ME in the two genes was signiﬁcantly larger than the
ME in the other 261 enzymatic genes (P , 0.05 by the Wil-
coxon test, supplementary fig. S1B, Supplementary Material
online).Although15(primarymetabolites)and2(secondary
metabolites) genes maynot be enough to represent the cor-
rect trend of metabolic effect by knocking out enzymatic
genes, our metabolic proﬁle encompassed the metabolic
effect expected by known enzymatic reactions.
Sequence Divergences in Genes Whose Knockout
Mutants Cause Changes in Metabolic Production
Because not only enzymatic genes but also other genes are
related to metabolic products, we examined the metabolic
products by individually knocking out as many genes as
possible. Using our available knockout mutants of 1,976
genes, we compared the compensatory role by singleton
genes with that by duplicate genes in 35 metabolic prod-
ucts. If duplicate genes contribute to functional com-
pensation in metabolites, the overall metabolic effect of
knocking out duplicate genes should be lower than that
by knocking out singleton genes. However, duplicate genes
have different similarities and alignable lengths (coverages)
with the closest paralog in the genome. Based on the sim-
ilarity and coverage at the protein level (see Materials and
Methods), we generated four types of duplicate genes: with
 30%,  50%,  70%, or  90% similarity and coverage to
the closest paralog, and we compared the summed ME in
35 metabolites between singletons and each group of
duplicate genes (ﬁg. 2). Although there was no signiﬁcant
difference between singleton and duplicate genes with a  
30%, 50%, or 70% protein sequence similarity and coverage
to the closest paralog (P . 0.05 by the Wilcoxon test),
the duplicate genes with a   90% protein sequence sim-
ilarity and coverage with thecloset paralog showedasignif-
icantly lower metabolic effect than singleton genes (P ,
0.05 by the Wilcoxon test). These results indicate that in
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379Arabidopsis only duplicate genes with a highly similar pa-
ralog in the genome play a signiﬁcant role in functional
compensation of metabolites. Therefore, duplicate genes
categorized by  90% were used in the following analyses.
Compensation of Duplicate Genes Associated
with Multiple Metabolic Changes
In functional compensations of phenotypic changes in
Arabidopsis, a more severe phenotypic effect tends to be
better compensated by gene duplication than a less severe
effect (Hanada et al. 2009). To address whether the same
phenomenon is observed in metabolic changes or not, we
examined the compensational role of duplicate genes in
metabolic changes. The metabolic severity was measured
by the number of metabolic changes. To quantify the
number of metabolic changes, we deﬁned the threshold
of signiﬁcant metabolic changes at the top and bottom
5% peak areas for each metabolite. Among the 1,976 genes,
790 knocked out genes did not cause any changes in met-
abolic production. The remaining 1,186 genes were classi-
ﬁed into 734 and 452 genes that caused changes in a small
(1–2) and a large ( 3) number of metabolic productions,
respectively. Genes in each group were classiﬁed into sin-
gleton and duplicate genes. Table 1 shows that genes
whose knockout mutants caused either small or large
number of metabolic changes have a signiﬁcantly higher
ratio of singleton to duplicate genes than the ratio for
genes whose knockout mutants did not cause any change
in the 35 metabolites under study (P , 0.05 by the chi-
square test). The ratio of singletons to duplication genes
increases as the number of metabolic changes increases
(table 1), indicating that functions associated with changes
of multiple metabolic productstend to be compensated by
gene duplication.
Functional Compensation by Duplicate Genes in
Metabolic Networks versus Number of Alternative
Pathways
As showninﬁg.1,the synthesisofaprimary metabolitehas
many alternative pathways, whereas the synthesis of a
secondary metabolite has few. The compensatory role of
duplicate genes for metabolites may depend on the num-
berofalternativepathways.Ifalternativepathwayscontrib-
ute to the compensatory role in metabolic production, the
proportion of duplicate genes causing changes in metab-
olites with few alternative pathways should be higher than
the proportion of genes causing changes in a metabolite
with many alternative pathways.
We compared the functional compensation by dupli-
cate genes among different metabolites. Among the
1,976 genes under study, 1,240 and 1,152 knocked out
genes did not cause any changes in primary and secondary
metabolic production, respectively. The remaining genes
that caused changes in primary or secondary metabolites
were classiﬁed into two groups: those inducing a small
number (1–2) of metabolic changes and those inducing
a large number ( 3) of metabolic changes. Genes in each
group were classiﬁed into singletons and duplicate genes.
To examine the functional compensation by either dupli-
cate genes or alternative pathways among metabolites, we
examined the ratio of singletons to duplicate genes in each
group (tables 2 and 3). The ratio was not signiﬁcantly dif-
ferent between genes causing no metabolite change and
genes causing a small or a large number of changes in pri-
mary metabolic production (table 2). In contrast, the ratio
for genes causing a large number of changes in secondary
metabolic production was signiﬁcantly larger than that for
the genes that caused no secondary metabolite changes
(table 3, P , 0.05 by the chi-square test). These results
indicate that duplicate genes have a higher probability
of functional compensation for changes in secondary
metabolic production, and duplicate genes have a lower
FIG.2 .Metabolic effect of a single-gene knockout in singletons and
duplicate genes. The metabolic effect (ME) of each metabolite in
a gene is the normalized absolute value of peak area between
a mutant and the parental strain. As the overall metabolic effect by
knocking out a gene, the log-scale of summed ME in 35 metabolites
is represented in the Y axis. Genes are classiﬁed into singletons (S)
and duplicate genes (D). Duplicate genes are classiﬁed into  30%,
 50%,  70%, and  90% duplicate gene groups based on the
sequence similarity and coverage at the protein level with the
closest paralog (see Materials and Methods). The distributions of
summed ME values are shown as box plots with the solid horizontal
line indicating the median value. The box represents the inter
quartile range (25–75%), and the dotted line indicates the ﬁrst to
the 99th percentile. The summed ME is compared between
singletons and duplicate genes. The group of  90% duplicate genes
has a signiﬁcantly lower ME than the group of singleton genes (P ,
0.05), but other groups of duplicate genes do not have different ME
than the group of singleton genes (P . 0.05).
Table 1. Numbers of Duplicate Genes and Singletons with











(0 vs. 1–2 or ‡3)
0 47 49 0.96
1–2 50 33 1.52 0.040
‡3 26 13 2.00 0.027
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380probability of functional compensation for changes in pri-
mary metabolic production. It seems that functional com-
pensation by geneduplication is notimportant forchanges
of primary metabolites because of the existence of many
alternativepathways.Theseresultsindicatethatalternative
pathways play an important role in functional compensa-
tion for primary metabolic production in A. thaliana.
Although we found that overall metabolic changes tend
to be compensated by only a duplicate gene with a close
paralog in the genome (ﬁg. 1 and table 1), we now re-
cognized that the metabolites compensated by gene
duplication are mainly secondary metabolites. Therefore,
functional compensation may be observed by more distant
paralog once we focused on only secondary metabolites.
We then performed the same analysis using duplicate
genescategorizedby 30%, 50%,and 70%insecondary
metabolites (supplementary table S4, Supplementary
Material online). Although the ratio of singletons to dupli-
cation genes increases as the number of secondary meta-
bolic changes increases, genes whose knockout mutants
caused either a small or a large number of metabolic
changes do not have any signiﬁcantly different ratios com-
paredwiththeratioforgeneswhoseknockoutmutantsdid
not cause any change in the 35 metabolites. These results
indicate that in Arabidopsis, only duplicate genes with
a highly similar paralog in the genome play a signiﬁcant
role in functional compensation of secondary metabolites.
Without the classiﬁcation of primary and secondary me-
tabolites, we furthermore examined the compensational
role of duplicate genes in metabolic changes. In each me-
tabolite, we identiﬁed genes whose knockout mutant in-
duced metabolic changes. Identiﬁed genes were classiﬁed
into singleton and duplicate genes. Assuming that connec-
tivity(thenumberofmetabolicpathways)isanindicatorof
alternative pathways, we examined the relationship be-
tween connectivity and the ratio of duplicate to singleton
genes in 35 metabolites. Then, the connectivity is positively
correlated with the proportion of duplicate genes (corre-
lationcoefﬁcient50.4,P50.01,ﬁg.3).Theresultsstrongly
suggest that duplicate genes tend to have functional com-
pensation in the case of low connectivity and duplicate
genes tend not to have functional compensation in the
case of high connectivity. Thus, by the analysis without
any classiﬁcation of metabolites, we found that the com-
pensatory role of duplicate genes is more important when
the metabolite has a low connectivity.
Concluding Remarks
We found that both duplicate genes and alternative path-
ways contribute to the genetic robustness of metabolic
effects in A. thaliana. In particular, gene duplication is im-
portant for the compensation of functions associated with
multiple metabolic products but is less important for
the compensation of metabolites with many alternative
pathways.
In functional compensations of phenotypic changes in
Arabidopsis, a more severe phenotypic effect tends to be
better compensated by gene duplication than a less severe
effect (Hanada et al. 2009). In this study, functions associ-
ated with changes of multiple metabolic products tend to
be compensated by gene duplication (table 1). Therefore,
the persistence of functional compensation for a more sig-
niﬁcant effect is supported in metabolic changes as well.
However, duplicate genes play a more important role for
the compensation of secondary metabolites, but a less im-
portant role for the compensation of primary metabolites
(table 2), although primary metabolites are likely to be
more essential than secondary metabolites for plant
Table 2. Numbers of Duplicate Genes and Singletons with











(0 vs. 1–2 or ‡3)
0 81 66 1.23
1–2 34 20 1.70 0.25
‡3 8 9 0.90 0.51
Table 3. Numbers of Duplicate Genes and Singletons with











(0 vs. 1–2 or ‡3)
0 69 64 1.08
1–2 35 25 1.40 0.317
‡3 19 6 3.17 0.016
FIG.3 .Relationship between connectivity and the ratio of duplicate
and singleton genes with knockout effects on metabolic produc-
tions. Each dot represents a metabolite. The log-scaled number of
metabolic pathways is represented in X axis. To quantify the num-
ber of metabolic changes, we deﬁned the threshold of signiﬁcant
metabolic changes at the top and bottom 5% peak areas for each
metabolite. By the threshold, genes whose knockout mutant in-
duced metabolic changes are identiﬁed in 35 metabolites. Identiﬁed
genes are classiﬁed into singleton and duplicate genes categorized
by  90%. The ratio of duplicate to singleton genes is represented in
Y axis. The connectivity is positively correlated with the ratio of
duplicate to singleton genes (correlation coefﬁcient 5 0.4, P 5
0.01).
Functional Compensation of Metabolites in Arabidopsis · doi:10.1093/molbev/msq204 MBE
381survival. This inconsistency can be explained by the exis-
tenceofmanyalternativepathwaysinprimarymetabolites.
Another interesting ﬁnding is that only duplicate genes
with a highly similar paralog showed functional compen-
sation in metabolites. One explanation for this ﬁnding is
that functional compensation of metabolic changes may
be quickly lost in evolution. However, functional compen-
sation by gene duplication is mainly in secondary metab-
olites. Because secondary metabolites, glucosinolates, are
produced in only species close to Arabidopsis, most genes
relatedtotheproductionofsecondarymetabolitesseemto
have appeared recently in evolution. Indeed, it has been
reportedthat many genesrelated to secondarymetabolites
were expanded recently by gene duplication (Hanada et al.
2008). Taken together, it is likely that functionally overlap-
ping genes associated with the production of secondary
metabolites were expanded recently by gene duplication
in the Arabidopsis lineage.
Supplementary Material
Supplementary tables S1–S4 and ﬁgure S1 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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